Abstract. The degradation of basement membranes by tumor cells involves secretion and activation of proteinases, such as the matrix metalloproteinases (MMPs), and results from an imbalance between their inhibitors and activators that are controlled by various growth factors or cytokines, among which TGF-β 1 may be the most intriguing. In order to study the therapeutic effect and molecular mechanism of hyperthermia on aggressive malignant melanoma, the expression levels of TGF-β 1 and Smad4 in B16F10 cells were dynamically analyzed by RT-PCR and western blotting for 24 h after heat treatment, from which time-dependent changes were determined. As expected, the proliferation and invasive ability of B16F10 cells were suppressed strongly by heat treatment. Furthermore, we compared the expression of TGF-β 1 in melanoma mouse models before and after magnetic fluid hyperthermia (MFH) in vivo. After hyperthermia, the tumor growth rate was reduced with a decline in TGF-β 1 protein expression. We conclude that changes in the TGF-β 1 pathway induced by hyperthermia may be an important part of the molecular mechanism involved.
Introduction
Cutaneous melanoma is one of the most aggressive human tumors, which originate from melanocytes, primarily in the skin, in the eye, the brain and mucosa. Melanoma affects patients in all age ranges and its incidence has dramatically risen over the past 50 years in industrialized countries. A particularly worrying feature of the tumor is its increasing incidence and its capacity for rapid metastatic spread. While very early stage melanoma (localized, stage I) is >90% curable, disseminated stage IV melanoma leads to a life expectancy of less than a year (1) . Metastases may establish in various organs, including skin, lungs, liver, brain and bone. Thus, inhibiting invasion and metastasis is the key to extending the survival time of these patients.
It is widely known that formation of metastasis starts with dissemination of tumor cells from the primary tumor and is a complex and multistep process. Degradation and remodeling of the extracellular matrix (ECM) and basement membranes by proteolytic enzymes are essential steps in these processes. Neutral proteinases of the matrix metalloproteinase (MMP) family actively participate in basement membrane proteolysis, acting mainly in the pericellular environment. Among the increasing number of ECM-degrading proteinases involved in cancer progression, most attention has been focused on the MMP family, mainly on MMP-2 and MMP-9. Increased expression of MMP-2 and MMP-9 was showed to correlate with an invasive phenotype of cancer cells (2, 3) .
TGF-β 1 is a multifunctional cytokine that regulates cell growth, differentiation, migration, apoptosis and extracellular remodeling. In later stages of tumorigenesis, TGF-β 1 may function to promote cell invasion and metastasis through paracrine mechanisms, which could be involved in the promotion of angiogenesis and extracellular matrix protein synthesis (4) . TGF-β 1 transduces its signals from the cell membrane to the nucleus through serine/threonine kinase receptors and their downstream effectors, Smad molecules. Increased expression and secretion of the different TGF-β isoforms in melanoma cell lines when compared with normal melanocytes has been documented by several studies (5) (6) (7) (8) .
Clinical experiments have shown that hyperthermia, as part of multimodal regimens, is a tolerable and clinically practical Hyperthermia inhibits the proliferation and invasive ability of mouse malignant melanoma through TGF-β 1 supplementary therapy for patients with advanced malignant tumors, recurrent tumors and metastatic disease. Recently, it has been reported that hyperthermia delays tumor growth and inhibits lymph node metastasis in animal models. The in vivo experimental study of Nagashima et al found that local hyperthermia (heating at 43˚C for 40 min) inhibited lymph node metastasis of hamster oral squamous cell carcinoma when the primary tumor responded histologically to hyperthermia treatment (9) . In vitro research aimed at trying to explain the mechanism has been carried out. One study demonstrated that a transient increase in intracellular cAMP was a critical signal for heat shock to induce tumor specific-suppression of MT1-MMP production and proMMP-2 activation in HT-1080 cells after heat shock at 42˚C for 3 h (10). However, Nathanson et al (11) reported opposite results. B16-F1 melanomas that survived 43.5˚C heat in vitro for 15 min and cultured for 10 days were able to bind significantly increased amounts of the basement membrane protein laminin. Motility of the heat-resistant B16-F1 cells in vitro toward the chemoattractant laminin was significantly increased. Thus, the increased expression levels of putative laminin receptors may be associated with increased metastasis of melanomas after subcurative hyperthermia. Magnetic fluid hyperthermia (MFH) is a recent development, and a new approach for local targeting hyperthermia or thermoablation (12) . In this technique, energy is coupled magnetically to iron oxide superparamagnetic nanoparticles in the target region. The magnetic fluid is injected directly into the target region and subsequently heated in an externally applied alternating magnetic field (AMF) to achieve better selectively targeted hyperthermia to the tumor. The excellent power absorption capabilities of magnetic fluids, attributable to the large number and surface of the heating elements, have been confirmed by in vitro experiments. Moreover, magnetic nanoparticles can be taken up by cancer cells and intracellularly heated (13) (14) (15) . To date, hyperthermia induced by direct injection of magnetic nanoparticles has been successfully used in preclinical and even phase III studies of various malignant tumors such as mammary carcinoma, prostate cancer, malignant glioma and melanoma and has resulted in an encouragingly marked inhibition of tumor growth (16) (17) (18) (19) (20) (21) (22) (23) .
Our previous research showed that heating suppresses the invasive potential of MCF-7 cells and downregulates the expression of TGF-β 1 and MMPs (24) . Therefore, we concluded that hyperthermia should be regarded as an important therapy for cancers which may metastasize at early stages. However, the molecular mechanisms are still unclear and no evidence exists in other types of carcinoma.
In order to further study the mechanisms involved in hyperthermia, we established an orthotopic mouse model of cutaneous malignant melanoma. Mouse malignant melanoma B16F10 cells are promising as an experimental model of invasion because of their metastatic biologic characteristics. In this study, we heated B16F10 cells in a water bath in vitro and by MFH in vivo respectively. Then, changes in the invasive ability and TGF-β 1 expression in malignant melanoma cells were analyzed.
Materials and methods
Cell culture. The murine B16F10 melanoma cell line was obtained from the National Centre for Cell Sciences and was grown and maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco/Invitrogen, Carlsbad, CA, USA), containing 10% FBS in a 5% CO 2 incubator at 37˚C.
Cell treatment. Exponential growing cells were sealed using parafilm in cell culture flasks (1x10 6 cells/flask) and immersed in a thermostated water bath at the indicated temperature (43, 45 and 47˚C) for 30 min. The control group was treated at 37˚C for 30 min. The temperature of the medium increased quickly and reached the set temperatures within 3 min. The temperature in the medium was monitored with a fiber optic thermometer probe (FX-9020; Anritsu Meter Co., Tokyo). After heating, the cells were immediately incubated at 37˚C in 5% CO 2 .
MTT assay. Cells were incubated for 4 h to restore stability after heating, and then were harvested, counted, and inoculated (at the appropriate concentrations in a volume of 100 µl) into 96-well microtiter plates, 8 replicates were prepared for each group. After different incubation times at 37˚C in a humidified 5% CO 2 atmosphere, the MTT assay was performed. MTT (Sigma, St. Louis, MO) was dissolved at a concentration of 5 mg/ml in Hank's salt solution and filtered with a 0.45 µm filter (in order to avoid MTT aggregates). MTT solution (10 ml) was added to each well and also to the control wells without cells. After 4 h of incubation, microtiter plates were centrifuged at 2,000 rpm for 10 min; medium was then removed, and 100 µl of DMSO was added to each well. After thorough mixing with a mechanical plate mixer, absorbance of the wells was read in a scanning well microculture plate reader at test and reference wavelengths of 550 and 620 nm, respectively. Absorbance values from all wells were corrected against the control absorbance levels.
Cell migration assay. B16F10 cells heated at different temperatures by water bath were allowed to form a monolayer on a fibronectin (5 µg/ml)-coated surface. A wound was made in the monolayer of cells by scratching a line on the monolayer with a pipette tip. Cells were then washed with PBS to remove cell debris and fed with fresh culture medium. Cells were allowed to proliferate and migrate into the wound during the next 24 h. Migration of cells into the wound was observed using a microscope (Olympus BX51, Tokyo, Japan). Three wounds were sampled for each treatment and experiments were carried out in triplicate.
Matrigel invasion and metastasis assays.
The invasive activity of B16F10 cells after heating at different temperatures was assayed in a Transwell cell culture chamber (6.5 mm, 8 µm Costar, Corning). Polyvinylpyrrolidone-free polycarbonate filters were smeared with 8.0 µg fibronectin (Genscrip cat. no: RP10840) in a volume of 10 µl serum-free DMEM on the reverse side, and dried at room temperature. Matrigel (containing laminin, collagen type IV, heparan sulfate proteoglycan and entactin) (BD Biosciences cat. no: 356230) was diluted to 500 µg/ml with cold phosphate-buffered saline (PBS), applied to the upper surface of the filter (5 µg/filter), and dried at room temperature. B16F10 cells which were heated by water bath for 30 min and then incubated for 2 h at 37˚C in 5% CO 2 were harvested with 1 mM EDTA in PBS, washed twice and resuspended to give a final concentration of 2.0x10 6 /ml in serum-free RPMI-1640 with 0.1% bovine serum albumin (BSA). Cell suspensions (100 µl) were added to the upper compartment and the filter chamber was incubated for 24 h at 37˚C in a 5% CO 2 atmosphere. The cells on the upper surface of the filters were removed by wiping them with a cotton swab. The filters were then stained with crystal violet for 30 min. The cells that had invaded through Matrigel and reached to the reverse side were counted under a microscope in five predetermined fields at a magnification of x400. Each assay was performed in triplicate.
Gelatin zymography. B16F10 cells were heated by water bath for 30 min as noted and then incubated for 24 h with serumfree DMEM at 37˚C in 5% CO 2 . The culture supernatant was collected by centrifugation and then concentrated by lyophilization. The extract was then subjected to zymography on 7.5% SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) co-polymerized with 0.1% gelatin. Gel was washed in 2.5% Triton X-100 for 30 min to remove SDS and was then incubated overnight in a reaction buffer (50 mM Tris-HCl pH 7.0, 4.5 mM CaCl 2 , 0.2 M NaCl). After incubation, the gel was stained with 0.5% Coomassie Blue containing 30% methanol and 10% glacial acetic acid. The bands were visualized by destaining the gel with the solution containing 30% methanol and 10% glacial acetic acid. The experiments were repeated three times under similar conditions, and one experiment was selected for representation.
Western blot experiments. Whole cell lysates were prepared by lysing the cells on ice with a protein extraction kit (SBS, China) for 20 min. Equal amounts of protein (30 µg/lane) were electrophoresed under non-reducing conditions on 10% acrylamide gels. After SDS-PAGE, proteins were transferred to a polyvinylidene difluoride membrane (Bio-Rad, USA). To block non-specific binding, the membrane was incubated in TBS with 0.1% Tween-20 (TBST) containing 5% nonfat milk for 2 h. Subsequently, the membrane was incubated for 2 h with antibodies against TGF-β 1 and Smad4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 1:1000), respectively, in TBST with 5% non-fat milk. After washing in TBST, horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG (Santa Cruz Biotechnology) was used as a secondary antibody (1:2000 in TBST with 2% BSA, incubated for 1 h). Each sample was also probed with an anti-β-actin antibody (Santa Cruz Biotechnology) as a loading control. Bands were scanned using a densitometer (GS-700, Bio-Rad), and quantification was performed using Quantity One 4.6.2 software (Bio-Rad).
RT-PCR analysis. The expression of TGF-β 1 and Smad4 mRNA was analyzed by semi-quantitative RT-PCR. B16F10 cells were heated by water bath for 30 min as noted and then incubated for 24 h. Total RNA was extracted from the cells using TRIzol reagent (Invitrogen) respectively and 5 µg RNA was used to synthesize cDNA using an RT-PCR kit (M-MLV) (KeyGEN, KGA1305) following the manufacturer's protocol. The cDNA was used to amplify the TGF-β 1 and Smad4 mRNA fragment, while the housekeeping gene β-actin was also amplified as an internal standard. The corresponding primer sequences were: β-actin forward, 5'-ACCTTCTACAATGAGCTGCGT-3' and reverse, 5'-ATAGCACAGCCTGGATAGCAA-3' (157 bp); TGF-β 1 forward, 5'-GGCCAGATCCTGTCCAAGC-3' and reverse, 5'-GTGGGTTTCCACCATTAGCAC-3' (201 bp); Smad4 forward, 5'-GTCTGAGCATTGTGCATAGTTTG-3' and reverse, 5'-GACGGGCATAGATCACATGAG-3' (246 bp).
The cycling program was performed as follows: 1 cycle of 94˚C for 5 min; 33 cycles of 94˚C for 30 sec, 54˚C for 45 sec, 72˚C for 60 sec; followed by a final elongation step at 72˚C for 10 min. Then RT-PCR products were electrophoresed through a 1.5% agarose gel with ethidium bromide. The experiments were repeated three times under similar conditions, and one experiment was selected for representation.
Tumor model. Specific pathogen-free female C57BL/6 mice were purchased from Beijing Center for Disease Control and Prevention (China) and were maintained in our animal facility for at least 2 weeks before use. The mice were housed under specific pathogen-free conditions in a barrier facility with a 12-h light/dark cycle. The mouse model of melanoma was established by transplanting a 0.1-ml cultured B16F10 cell suspension at a concentration of 1x10 7 cells/ml into the subcutaneous tissue of the back of each mouse. Forty mice were randomized and divided into four groups: 45˚C hyperthermia group (H1), 50˚C hyperthermia group (H2), magnetic fluid group (M) and control group (C). Orthotopic tumors were staged for 7 days and reached ~0.5 cm 3 in size. The tumor-bearing mice of the M group, H1 group and H2 group were locally injected with magnetic fluid in the tumor area, then underwent radiation by an alternating magnetic field (AMF). The magnetic fluid (Fig. 1) was purchased from Anhui Jinke Magnetic Liquids Ltd. and consisted of uncoated and water-based particles of Fe 3 O 4 ~10 nm in diameter, and the concentration of the ferrites in aqueous solution was 100 mg/ml. The magnetic field applicator (Fig. 2) was produced by our laboratory at the Department of Engineering Physics, Tsinghua University, and the parameters of the AMF were carefully adjusted until a local tumor temperature (45 or 50˚C) was maintained for 30 and 10 min, respectively. After 24 h, 3 mice from each group were sacrificed for anatomy to observe the magnetic fluid distribution and to prepare for the following immunohistochemistry tests. Tumor growth was monitored at a defined regular interval (2 days) by measuring the diameters using a vernier caliper. Tumor volume was determined based on the following formula: Tumor volume = 0.5 x a x b 2 (a and b represent the maximal and minimal tumor diameter, respectively). Mice survival times were determined. After a 90-day follow-up period, all mice were sacrificed.
Immunohistochemistry. The paraffin-embedded tumor tissues were sectioned into 5-µm slices, deparaffinized in xylene, rehydrated in graded ethanol concentrations (100, 95, 70, and 50%), and finally submerged in phosphate-buffered saline (PBS). Endogenous peroxidase was blocked by incubation with 0.3% H 2 O 2 for 30 min in the dark, and then sections were placed in an autoclave with 0.01 M sodium citrate solution at 121˚C for 5 min for antigen retrieval. Immunohistochemical staining was performed using primary antibodies for TGF-β 1 . The sections were incubated with antibodies (1:100) overnight at 4˚C and then incubated with biotin-labeled anti-rabbit IgG (ZSGB-Bio, Beijing, China) at room temperature for 30 min. The tissue sections were counter stained with hematoxylin, dehydrated in graded ethanol concentrations (50, 70, 95, and 100%) and xylene, covered with glass coverslips, and then observed using a bright field microscope.
Statistical analysis. Statistical analysis was performed using SPSS (version 13.0). Data are expressed as means ± SD for n replicates as indicated in figure legends. One-way analysis of variance followed by an SNK test was used to assess significant differences between the control and experimental groups.
Results

Hyperthermia inhibits proliferation potential and mobility of B16F10 cells. B16F10 cells treated by water bath at 43, 45 and 47˚C
for 30 min were then tested by MTT assay and scratchwounding assays. As shown in Fig. 3 , the proliferative ability of the cells after being heated at 45 and 47˚C was markedly higher than at 43˚C (P<0.05). As shown in Fig. 4 , the mobility of B16F10 cells was obviously decreased by heating at 45 and 47˚C.
Hyperthermia inhibits invasive and metastatic potential of B16F10 cells. We examined changes in the invasive and metastatic potential of B16F10 cells after hyperthermia treatment using a Matrigel invasion assay. Representative images of the Matrigel invasion assay showed a decrease in the number of invasive B16F10 cells after hyperthermia (x400) (Fig. 5A) . Column data showed that hyperthermia decreased the invasiveness of B16F10 cells in a temperature-dependent manner (Fig. 5B) . Compared with the control group (37˚C), B16F10 cells heated at 43, 45 and 47˚C showed significantly lower numbers of invasive cells (P<0.01).
Downregulation of MMP-2 and MMP-9 activity.
In order to ascertain whether the downregulation of MMP-2 and MMP-9 in B16F10 cells is induced by hyperthermia, we examined the effect of hyperthermia treatment at different temperature points in the secretion and activity of MMP-2 and MMP-9 by gelatin zymographic analysis. As shown in Fig. 6 , the white bands were areas degraded by MMP-2 and MMP-9. The corresponding image represents the quantitative analysis of the band intensities using a contour tool by Quantity One-4.6.2 (Basic) which clearly showed that hyperthermia treatment caused significant inhibition of the secretion and activity of MMP-2 and MMP-9 in B16F10 cells (P<0.01) and the decrease appeared to be temperature-dependent. 1 and Smad4 by hyperthermia. Western blot analysis (Fig. 7A ) was performed to ascertain whether the protein expression of TGF-β 1 /Smad4 in B16F10 cells is affected by hyperthermia. Fig. 7B shows the corresponding average optical densities of TGF-β 1 and Smad4 after different temperature treatments. The reduction showed temperature dependence for TGF-β 1 , while the upregulation of Smad4 lasted for a short time at 43˚C and 45˚C but not at 47˚C. Moreover, at the higher temperature, the increase in Smad4 protein expression occurred earlier. The bar graph represents the corresponding average optical densities using Quantity One-4.6.2 (Basic).
Regulation of the protein expression of TGF-β
Alteration of the mRNA expression of TGF-β 1 , Smad 4 and
MMPs. RT-PCR was performed to ascertain whether the mRNA expression of TGF-β 1 and Smad4 in B16F10 cells is suppressed by hyperthermia. As shown in Fig. 8 , the mRNA expression of TGF-β 1 was significantly reduced by hyperthermia when the temperature was above 43˚C, while the mRNA level of Smad4 did not change significantly.
Regulation of TGF-β 1 protein expression by hyperthermia in vivo.
MFH at 45˚C (H1 group) and 50˚C (H2 group) inhibited tumor growth. Compared with 45˚C MFH (H1 group), 50˚C MFH (H2 group) had a greater inhibitive effect on tumor growth (P<0.05). The survival times of the mice in the 50˚C MFH H2 group and 47˚C MFH H1 group were longer than that of the control group (P<0.05). Immunohistochemical assay showed that the expression of TGF-β 1 was markedly decreased in the 50˚C MFH H2 group compared with the other groups (P<0.05) (Fig. 9) .
Tumor growth inhibition and survival in the mouse model. In the in vivo study, no mice died during the MFH process as described above, and no infiltration of magnetic fluid was found in the surrounding tissue and organs. As shown in Fig. 10 , the tumor growth rate of the control group and magnetic fluid group was significantly lower than H1 and H2 groups treated at 45 and 50˚C, respectively (P<0.05) and the survival period of the tumor-bearing mice which was observed for 90 days after tumor implantation showed that magnetic fluid hyperthermia (especially for H2 group at 50˚C) prolonged the life span of the mouse model significantly.
Discussion
Although melanomas represent only approximately 4% of all cutaneous cancers, they are responsible for >80% of deaths from skin-related cancers (25) . In its early stages, malignant melanoma can be cured by surgical resection, but once it has progressed to the metastatic stage it is extremely difficult to treat and does not respond to current therapeutic methods (such as radiation therapy and chemotherapy). In the present study, we explored hyperthermia as a prospective therapy for malignant melanoma. It is no doubt that with temperatures higher than 43˚C, the cytotoxicity of hyperthermia becomes stronger. Our MTT assay showed that higher temperature hyperthermia strengthened the lethal effect. Moreover, the present study was the first attempt to study the effect of local hyperthermia with a heating temperature above 43˚C on the invasive ability of malignant melanoma cells. Our results showed that migratory and invasive ability of the remnant carcinoma cells was suppressed after hyperthermia at 43, 45 and 47˚C for 30 min, respectively. heat shock at 42˚C suppressed the production of membranetype 1 MMP (MT1-MMP), which in turn inhibited MMP-2 activation and increased release of tissue inhibitor of MMP-2 from the cell surface (30) . Consistent with this finding, our study revealed a similar effect on both MMP-2 and MMP-9 in malignant melanoma B16F10 cells by heating at higher temperature and for a shorter time.
Several investigators demonstrated that TGF-β 1 expression in a variety of malignancies was associated with increased tumorigenesis (31) (32) (33) (34) . The TGF-β 1 pathway has been implicated in many of these metastatic processes and it has been shown to dramatically impact the ability of tumor cells to spread throughout the body (35) . Previous experiments have reported that TGF-β 1 can augment the aggressiveness of carcinomas that are resistant to its growth inhibiting effects (36) , and promote breast carcinoma metastasis to the bone (36,37). Padua et al (38) discovered that even transient exposure of breast cancer cells to the signaling molecule TGF-β 1 promoted their extra vasation from blood vessels and entry into the lung. These effects are closely associated with MMP activities as mentioned above. TGF-β 1 binds to the type II TGF-β receptor (TβRII), which, in turn, recruits a TGF-β type I receptor (TβRI), into a hetero tetrameric receptor complex, after that TβRI is phosphorylated and activated. Activated TβRI phosphorylates the receptor-specific Smad2/3, which enables them to oligomerize with the common mediator Smad4, to translocate to the nucleus and regulate target gene transcription through cooperation with other DNA-binding factors and/or transcription factors (39) .
Although normal melanocytes are extremely sensitive to the antiproliferative effects of TGF-β, melanoma cells exhibit increased resistance, proportional to the stage of tumor progression. Melanoma cell proliferation is only moderately inhibited by TGF-β in contrast to the strong antiproliferative effect exerted on normal melanocytes. Also, it has been shown that metastatic melanoma cell populations exhibit a further decreased response to TGF-β-dependent growth inhibition than melanoma cells originating from primary tumors (40) . Yet, TGF-β is perfectly capable of inducing Smad signaling and Smad-dependent transcription in melanoma cells (41) . Contrary to other tumor types, no genetic alteration of TGF-β signaling molecules has been identified in melanoma that could explain their resistance to the growth inhibitory activity of TGF-β. For example, it has been clearly established that a number of TGF-β target genes are up regulated in melanoma cells exposed to TGF-β, in particular those involved in invasion and metastasis (42, 43) . We previously discussed the possible mechanism associated with TGF-β 1 , the expression of which may be decreased after hyperthermia in breast carcinoma MCF-7 cells. In the present study, we further revealed that the same regulation of TGF-β 1 occurred in mouse malignant melanoma B16F10 cells both in vivo and in vitro.
Our results revealed that hyperthermia at 43, 45, 47˚C for 30 min downregulated the TGF-β 1 mRNA transcription level and protein expression in B16F10 cells. Smad4 protein was upregulated for a short time after hyperthermia treatment, while Smad4 mRNA showed an insignificant difference between the hyperthermic-treated and control group. We infer that the Smad4 mRNA transcription level should not be a key factor in its increased protein expression. The results here imply that expression of TGF-β 1 in malignant melanoma might be used to judge the curative effect and prognosis for hyperthermia.
In the in vivo test, we observed the mice of all groups after treatment, and tried to find out the reason for their death through anatomy. Although the survival period of the tumorburdened mice was significantly prolonged in the MFH-treated groups (P<0.05), no metastatic areas were found in the treatment and control groups, which could not be used to prove the suppressive effect of hyperthermia on metastasis in vivo yet it definitely resulted in a lower growth rate and less invasive ability in the treatment group.
Although, intracavity microwave coagulation therapy and radiofrequency ablation are the main methods of hyperthermia used in the clinic at present, both methods fail to achieve the set point of temperature intratumorally and achieve homogenous distribution of temperature (44, 45) . Magnetic fluid hyperthermia is a promising approach to cancer therapy since it not only kills cancer cells directly, but can also alter the character of tumor cells with high metastatic potential, despite that the concrete mechanism needs to be further researched.
From the present study, we confirmed that hyperthermia induced by magnetic fluid can be used safely to inhibit tumor growth in a mouse model without heat damage to surrounding normal tissue. A well-homogenized distribution of high intratu- moral temperature can be achieved by image guidance which we did not make use of in the present study. As dosage of radiotherapy is limited by the tolerance of surrounding normal tissue, the temperature of hyperthermia should also be limited. For safe consideration, heating radiator can hardly be cut off between tumor and normal tissues even by image guidance, so local hyperthermia induced by magnetic fluid may be far from a radical treatment in the clinic. However, this method can be used as an effective cytoreductive treatment thus providing a greater chance of efficacy of further treatment such as surgery.
In conclusion, our study suggests that hyperthermia heating at 43˚C or above can strongly reduce the proliferation and invasive ability of B16F10 cells in vitro, and their protease production can be decreased as well. In addition, magnetic fluid hyperthermia at 45 and 50˚C significantly inhibited the growth of malignant melanoma in a mouse model and suppressed the expression of TGF-β 1 in tumor tissue. Therefore, our study implies that the expression of TGF-β 1 , MMP-2 and MMP-9 in malignant melanoma may be used to judge the curative effect and prognosis for hyperthermia. Moreover, we can prospect that, magnetic fluid hyperthermia may be an effective adjuvant therapy, not destroying malignant melanoma cells directly, but suppressing the ability of invasiveness and mobility of the remnant carcinoma cells.
